Abstract. The geophysical significance of the thin nitrate-rich layers that have been found in both Arctic and Antarctic firn and ice cores, dating from the period 1561-1991, is examined in detail. It is shown that variations of meteorological origin dominate the record until the snow has consolidated to high-density firn some 30 years after deposition. The thin nitrate layers have a characteristic short timescale (<6 weeks) and are highly correlated with periods of major solar-terrestrial disturbance, the probability of chance correlation being less than 10 -9. A one-to-one correlation is demonstrated between the 
Introduction
Over the past 15 years there have been a number of publications that have advanced the hypothesis that short-term (approximately 1 month or less) increases in the nitrate component of polar ice are the consequence of solar proton events (SPEs) [e.g., Dreschhoff a long way removed from one to one, there being many more nitrate anomalies than SPEs and there being some major SPEs for which the nitrate anomaly may have merged with the ambient noise in the record. As a consequence, the hypothesis has been regarded as plausible but unproven without further supporting evidence.
The inability to obtain clear one-to-one correlations between the nitrate events and known SPEs has been severely exacerbated by the following factors:
1. Visual inspection shows that the nitrate record exhibits a substantial degree of variability until the firn becomes well compacted approximately 30 years after deposition. (This paper makes limited reference to and explanation of glaciological terms and techniques. The reader is referred to Legrand and Mayewski [1997] for further technical details and pertinent references. Firn is a glaciological term referring to consoli-4. The nitrate record indicates that the relative amplitudes of the impulsive nitrate events above background appear to have been substantially greater in the 19th century than in the 20th century. This, together with the lower noise in the nitrate record noted in factor 1 above, means that there is a much better signal-to-noise ratio for the nitrate events prior to the 20th century.
The possibility that impulsive nitrate events are associated with solar proton events has been assessed from a theoretical point of view. Thus using the solar proton and alpha particle fluxes for the interval 1972-1989 as observed by IMP 8, I•tt and Jackman [1996] and Vitt et al. [2000] have estimated the annual concentrations of nitrate in the polar stratosphere as a consequence of solar proton events (SPEs), the galactic cosmic radiation, other polar sources, and transport from lower latitudes. Their computations indicate that the major solar proton events in August 1972 and October 1989 resulted in significant (>10%) increases in the total nitrate concentration and that these were the second most important contributions after transport from lower latitudes.
However, Vitt and Jackman [1996] and l•tt et al. [2000] conclude that their calculated solar proton event effects were too small to explain the very large fluctuations in the highresolution Greenland nitrate results (2-3 week contiguous samples) between 1972 and 1991. The nitrate record they illustrate [Vitt et al., 2000, Figure 9 ] contains eight nitrate anomalies that are greater than those that are in time coincidence with the 1972 and 1989 events. This illustrates vividly that the nitrate precipitation events attributed to solar proton events is relatively small (see factor 4 above), while the "meteorological" noise in the data is large (see factor 1). Despite the apparent ambiguity, the modeling results of Vitt and Jackman [1996] and Vitt et al. [2000] provide a quantitative estimate of the SPE nitrate production, which is an important contribution to the discussion that follows. This paper seeks to validate the hypothesis that the impulsive nitrate events are associated with solar proton events using several tests in addition to correlation in time. To overcome the noise outlined in factor 1 above, the analysis initially establishes a strong association between the impulsive nitrate events and extreme disturbance of the solar-terrestrial system using the data obtained once the firn has consolidated to highdensity firn and ice. We place major weight upon the data from the 19th century and earlier, where the impulsive nitrate events are many standard deviations above the noise in the nitrate data. We then demonstrate a strong association of the nitrate events with SPE since 1942, and we develop a method to estimate the SPE fluence associated with each impulsive nitrate event. The cumulative probability of those fluences is then shown to be in good agreement with the distribution derived from satellite data since 1967, yielding further support to the association of impulsive nitrate anomalies with SPE.
Data Procedures and Determination of Time
The , 1991] . This transport is most efficient in winter and early spring, especially when there is a wellestablished polar vortex; however, the extent to which it is effective in the presence of enhanced photoionization in summer is not well known. A portion of this stratospheric source has been explained in terms of ionization by electrons released from the radiation belts in magnetic storms and by ionization by galactic and solar cosmic radiation, as discussed in a later section.
Iwasaka and Hayashi
In this paper we examine discrete impulsive nitrate events in the ice core record, such as in the middle of 1859 in Figure 1 . It is important that we estimate the time of deposition of each firn/ice sample as precisely as possible, to provide an accurate time base that will allow correlation with other geophysical data. As is common practice in glaciology, we have established the time of deposition relative to a number of well-defined reference horizons in the ice that are due to known geological events in the recent past.
The time assignment procedure is described and illustrated in Appendix A. Briefly, the annual variations in nitrate and conductivity are used to interpolate between the reference horizons to determine the year; the phase of the nitrate variation provides the estimate of time within the year. Wherever possible we have used reference horizons from Icelandic and other nearby volcanoes since these are more sharply defined in time, and the uncertainty due to the transit time of the debris is typically <1 month.
For about 90% of the period 1561-1950 the annual nitrate variation is well defined. We estimate that for the majority of that period the time of deposition of any sample is accurate to +_2 months. For the remaining 10% of the period, and for several periods where there are no sharply defined volcanic events, we estimate that the time is accurate to _+ 1 year. Any impact of the uncertainty in time is noted in the following analysis. This reassessment of the time of occurrence of the nitrate events in the preparation of this paper has resulted in several small differences between the dates given here and by Zeller and Dreschhoff [1995] .
Spectral Properties of the Ice Core Data
Before discussing the impulsive nitrate events we examine the time variability of the nitrate data. 3. There is a factor of 3 decrease in the high-frequency power (2 < f < 5 cycles yr-1) between the latest and earliest data in Figure 2 . 4. The higher values of power in the unconsolidated firn containing the most recent nitrate data make it difficult to achieve one-to-one comparisons with other geophysical phenomena. This results in a signal-to-noise ratio for impulsive nitrate events that is 2 to 3 times worse in the most recent nitrate deposits than in those in the consolidated ice pre-1900.
5. The impulse like nitrate events we consider here occupy the frequency region 7 < f < 10 cycles yr -1. The power in that range is only 16% of the total power in the power spectra for 1630-1690. Thus once the nature of the nitrate events has been established it will be possible to achieve an improvement in the signal-to-noise ratio of the nitrate events through the use of a high-pass filter. This has not been done for any of the analyses reported herein. As a consequence of the large noise power in the data prior to high consolidation of the firn in the vicinity of 1900, the following analysis commences with study of the nitrate events pre-1900, where the higher signal-to-noise ratio allows the most accurate correlation studies. Having established a clear correlation with major disturbances in the solar-terrestrial system, we will then investigate the causal agent using the more recent data.
Impulsive Nitrate Events
Examination of the nitrate record shows that there are many impulsive anomalies, often of amplitude greatly in excess of the annual variation and of duration of 2 months or less. Figures 1,  3 , and 4 present some of these, and in the following we describe the correlations that are evident from comparison with the geophysical database. These nitrate anomalies are frequently accompanied by electrical conductivity enhancements showing essentially an identical time profile. This feature, discussed in section 5, is not consistent with a volcanic origin.
In Figure 1 the persistent annual variation in the nitrate signal is interrupted by two impulsive events, the second being the largest such impulsive event in the whole Greenland core Table 1 for a listing of all nitrate events later computed to correspond to >30 MeV solar proton events with an omnidirectional fluence of >2.0 x 109 cm-2.) With 70 large nitrate events in 389 years the probability of one event occurring in a given year is 0.18. Using binomial statistics, we calculate that the probability that five large nitrate events would coincide with this one period of exceptional geomagnetic activity, by chance, is 9.6 x 10 -4. [Krivsky and Pejml, 1988 ]. This catalogue is restricted to aurorae observed south of 55øN and as such provides a proxy for major geomagnetic activity. In the preparation of Figure 3b we have only shown auroral activity which resulted in a number of observations spread over a period of several days, and as such, probably indicative of a series of large geomagnetic storms due to a large sunspot group. As can be seen from the figure, the frequency of impulsive nitrate events, and the frequency of major geomagnetic activity, both increase steadily with time during this interval. The high frequency of impulsive events continues for a decade. The probability that this period of intense auroral activity would occur by chance at the same time as the episode of impulsive nitrate events is 0.116 (binomial statistics).
The three correlations of the nitrate events discussed above with (1) the Carrington event, (2) the epoch 1893-1897, and (3) the period 1594-1606, are all totally independent of one another. However, the phenomena used as correlates, exceptional flares, major geomagnetic storms, and major auroral episodes, are highly correlated. From the individual probabilities computed above we compute that the probability that all three correlations with the nitrate events could occur by chance during the period 1561-!950 is 8.7 x 10 -8. This extremely low probability strongly supports the association of the \ .
impulsive nitrate events with exceptional disturbance of the inner solar system as proposed above. In the following sections we examine other facets of this relationship and seek to define the nature of the correlation.
Statistics of the Impulsive Nitrate Events
To quantify each of the impulsive events, the excess nitrate, over and above the annual variation, was calculated. This analysis was restricted to impulsive events that were of a duration of 2 months or less. We estimated the annual variation at the time of the impulsive event by visual inspection, and the integral of the event above that annual wave was then calculated. MeV SPE fluences >2 x 109 cm -2 are tabulated in Table 1 .
Production of Nitrates by Energetic Particles
In a series of papers, Jackman et al. [1980, 1990, 1993 CThere is an uncertainty in the background subtraction, as a consequence of the unconsolidated nature of the core.
dSee Allen [1982] for the definition of the geomagnetic index, AA*.
½Uncertainty due to presence of sublimation peaks in the unconsolidated snow.
to the odd nitrogen in the stratosphere. The initial contribution occurs immediately, due to in situ ionization by the solar cosmic radiation accelerated by the CME. The CME also generates an interplanetary shock wave that may result in a geomagnetic storm that can result in the precipitation of relativistic electrons to altitudes in the mesosphere above 70 km. Odd nitrogen from that source can therefore appear as a second contribution to the stratospheric odd nitrogen extending over an interval of some 2-3 months.
In addition to the above, Vitt et al. [2000] have modeled the evolution of the concentration of odd nitrogen at an altitude of 30 km and concluded that the percentage increase due to SPEs
is approximately twice that averaged over the whole stratosphere (tropopause to 50 kin) as listed above. Their model concludes that the odd nitrogen from SPEs has a tendency to be concentrated near the lower limit of the stratosphere.
In summary, known physical processes predict that large solar proton events such as occurred in October 1989 will produce an increase in odd nitrogen in the lower stratosphere at the time of the event that approximates 27% of the annual production from all other sources. Furthermore, odd nitrogen may be subsequently transported from the mesosphere to augment the stratospheric source some 1-2 months later.
Vitt et al.
[2000] point out that while their model is comprehensive to the point of the assessment of the time variation of the odd nitrogen in the polar lower stratosphere, there is a remaining uncertainty in the physics and transfer function of the odd nitrogen from the lower stratosphere to produce nitrate in the ice sheet. Section 10 of this paper will assist in the clarification and quantification of that process.
Comparison With the Cosmic Ray Record
We have shown that impulsive nitrate events are closely associated with large disturbances in the solar-terrestrial environment and have summarized mathematical models that indicate that SPEs and associated phenomena can generate substantial quantities of odd nitrogen in the lower stratosphere. We now compare the historical SPE record with the impulsive nitrate events discussed in section 4 to further explore the origin of the nitrate events. To overcome the effects of the meteorological noise outlined in section 3, we have used data from firn after consolidation to a high-density state where the noise power is reduced by a factor between 3 and 10, and the annual signal is beginning to be clearly defined (i.e., the period of time prior to 1960).
The first continuously operating cosmic ray detectors were the "Carnegie Type C" ionization chambers operated by Scott [Forbush, 1946] . Other more sensitive solar cosmic ray detectors were developed in the following years. However, for this part of the analysis we choose to use the events seen by the ionization chambers [Smart and Shea, 1991] for the following three reasons: (1) they allow us to seek correlations with the cosmic ray record before the increase in variability in the nitrate record in the vicinity of 1950, as noted in the introduction, (2) the relative insensitivity of the ionization chamber means that they are automatically selecting a uniform sample of exceptional solar cosmic ray events having a "hard" spectrum, and (3) the instruments were identical, and no adjustments for relative sensitivity are required. In addition, the following discussion considers two of the largest episodes of solar particle events from the satellite era, August 1972 and October 1989, while acknowledging the higher noise in the nitrate record as noted earlier. Table 2 lists five "Forbush era" and two "satellite era" large solar proton events with their corresponding nitrate deposition. The nitrate data corresponding to three of these events are presented in Figures 4a, 4b , and 4c, and these impulsive nitrate signals are coincident (_+2 months) with these exceptionally large solar proton events. The other events in Table 2 are also consistent with this degree of association in time. The statistical probability that the seven impulsive nitrate events, and the seven solar proton events, would exhibit this close degree of correlation by chance is <1.0 x 10 -6.
For some of the events in Table 2 the nitrate peak is well defined and has an estimated accuracy in the vicinity of 20% or better (see Figures 4b and 4c) . In other cases there are uncertainties associated with the unconsolidated snow and firn, as indicated in the Table 2 We also note that on average the magnitudes of the impulsive nitrate events in the Antarctic ice core are substantially greater than the magnitudes of the events in the Greenland ice core. It appears possible that these differences will allow us to study the details of the nitrate deposition processes in the future.
In summary, the calculations of Vitt and Jackman [1996] show that known physical processes predict that spacecraft observed large SPEs will generate high concentrations of nitrates in the lower stratosphere, while the data in Table 2 
Radiation Fluence of the Nitrate Events
It was shown above that the statistical correlations in the geophysical record, and known physical processes, are consistent with the hypothesis that the impulsive nitrate events in polar ice are produced by solar proton events. In the absence of any other plausible cause for these events we proceed using the working hypothesis that the impulsive nitrate events are a direct and observable consequence of the arrival of solar cosmic rays at Earth. As noted in our discussion of the "out of phase detection" of nitrate events in the Arctic and Antarctic, the efficiency with which stratospheric nitrates can reach the surface is reduced by photoionization during summer and by enhanced precipitation processes in winter. Using (1), we define the conversion factor between fluence and the nitrate event as K(t, ,k) in the equa- 
Since the firn/ice density varies from 0.3 at the top to 0.9 at the bottom of the 126 m Greenland core, it is clear from (3) that the fluences derived at various depths in the firn/ice will be systematically underestimated by a monotonic increasing func- Table 3 lists our estimates of the conversion factor K(t, ,k) computed using (2) and the data in Table 2 . The firn densities listed are from the Greenland drilling site, and the densities in Antarctica are assumed to vary in a similar manner with time.
Referring to Table 3 Table 3. 5. In view of the errors that must remain in any of these estimates and computations, we take the upper limit of these estimates (40) to be the conversion factor for the nitrates in the Greenland core in this analysis. In making this choice we are being conservative and probably underestimating the fluence prior to 1950. Table 3 , when applied to the event of September 1, 1859.
McCracken et al. [this issue] consider the implications of a value of K(t, ,k) of 20, as suggested by
6. The average value of the conversion factor for the last two events in Table 3 was a relatively "soft" spectrum while the October 1989 proton event sequence had a relatively "hard" spectrum. Thus some of the differences in Table 3 may be due to spectral differences between the very small sample of events that is available to us.
Estimates of the F!uence of Large Solar Proton Events, 1561-1950
Taking the average annual conversion factor K(t, ,•) for Greenland as 40, we have used (2) Table 1. We have used the fluence data for the 125 impulsive nitrate events with fluences >1 x 109 cm -2 as computed above to derive cumulative normalized probabilities for the occurrence of SPE with fluences >30 MeV. We compare this distribution with the cumulative probability curve for >10 MeV fluence published by Reedy [1996] . This comparison is displayed in MeV fluences larger than 6 x 109 cm -2, and this distribution is consistent with the upper limits set by the cosmogenic isotopes in lunar samples. Our two highest fluence bins exhibit a rapidly decreasing probability, and since they contain a total of eight solar proton events, the rapid decrease in probability in 
Timescale of the Impulsive Nitrate Events
As noted previously, the impulsive events in the nitrate record are all short lived. This is clear for the events in Figures  1, 3 , and 4 and is universally truc for the events in Table 1 . In general, many have a time constant as short as 2 weeks, while none has one greater than 6 weeks. This observation sets considerable constraints upon the precise source of the nitrate that is observed in the ice core record.
On conventional thinking, the storage time for the stratosphere (including time for transport to the troposphere) is considerably longer than 1 month. It has bccn estimated [Dunkerton, 1978] that the downward transport of HNO3 in the gaseous phase would take at least 3-6 months. However, rapid removal from the stratosphere by gravitational sedimentation and transport into the troposphere is a function not only of the winter polar vortex with extension into the end of spring but also of the size of particles formed in the cold stratosphere. Larger ice particles, which would help to remove nitric acid from the gas phase, may have settling speeds of the order of kilometers per day [Jones, 1990] , and some estimates arc in the range of 1 wcck for the fallout to reach the surface [Iwasaka and Hayashi, 1991] . Satellite (Stratosphcric Aerosol and Gas Experiment II) observations have led to the conclusion that there is a preferential loss of larger aerosols in the polar vortex. These serve as polar stratosphcric cloud nuclei and arc irreversibly transported by sedimentation through the tropopausc to lower altitudes in the form of large cloud particles [Thomason and Poole, 1993]. Our observation of time constants in the range 2-6 weeks for the impulsive nitrate events is consistent with these gravitational mechanisms and gives support to the hypothesis of accelerated precipitation of NO3 following irradiation of the stratosphere by ionizing nuclei such as arc present in solar proton events.
Although polar stratospheric clouds form in the cold polar winter atmosphere every year, the process is expected to be enhanced during and after major ionization events. Large fluence SPEs were shown to introduce local cooling within the proton stopping region in the lower stratosphere [Kodama et a!., 1992] . It seems that these findings from Antarctica correlate with the detection of large increases of stratospheric aero-sols in the Arctic (--•17 km altitude) after the occurrence of SPEs [Shumilov et al., 1996] .
In section 6 we discussed the possibility that the impulsive nitrate event would consist of two components, the first "prompt" component due to the SPE ionization in the lower stratosphere, and the second component extending some 2-3 months later due to the downward transport to the stratosphere of odd nitrogen generated by the precipitation of relativistic electrons in a magnetic storm. The latitude of the electron precipitation is likely to be equatorward of the polar vortex during these large magnetic storms. (See Gussenhoven et al. [1983] for the relationship between the latitude of auroral electron precipitation and magnetic activity.) While the relative importance of these two components will not be investigated here in detail, we note that the nitrate event of July 1946 (Figure 4b) was one of the shortest in the data record, being completely over within 1 month. This known high-energy multi-GeV hard spectrum solar proton event was accompanied by one of largest of the "great magnetic storms" in the interval 1874 -1954 [Royal Greenwich Observatory, 1955 . For the nitrate event in July 1946, we estimate that any "second component" from the mesosphere was <5% of the amplitude of the first component due to ionization by the solar protons in the lower stratosphere. Nevertheless, the possibility of a small contribution to the impulsive nitrate event from processes initiated by a magnetic storm remains open.
Finally, we note that the nature and duration of the nitrate events will be a function of the altitudes in the stratosphere at which the solar protons deposit their energy by ionization. This implies that solar proton events with a hard spectrum result in substantial ionization at low altitudes (e.g., 25 km), which would then precipitate quickly. In addition, very hard spectrum ground level solar cosmic ray events will initiate pair production, which will increase the ionization density in the stratosphere. Alternatively, a SPE with a soft spectrum would result in the majority of the ionization occurring at higher altitudes (e.g., >40 km) and the timescale of the precipitation would be longer. Thus a solar particle event that is the result of solar activity near the western limb of the Sun (harder spectrum) would produce a short duration nitrate event, while a solar particle event that is the result of solar activity near the solar central meridian (often a softer spectrum) would be more prolonged.
Conclusions
This paper has demonstrated that the impulsive nitrate events in the polar ice record are highly correlated with periods of extreme disturbance in the solar terrestrial environment.
The statistics of occurrence indicate that the nitrate events are the consequence of ionization of the upper atmosphere by solar cosmic radiation. We argue that the probability that the observed associations with disturbances in the solar-terrestrial environment, and with solar proton events in the cosmic ray record, should occur by chance is less than 1 x 10 -6. This is supported by one-to-one correlations between seven large SPEs and impulsive nitrate events.
The presence of meteorological "noise" in unconsolidated firm largely obscures the solar proton events subsequent to 1960. The optimum sensitivity for detection of SPEs is only attained once the consolidated ice stage is reached, some tens of years after deposition. Comparison with the historic cosmic ray record 1936-1999 indicates that the impulsive nitrate deposition to the surface is approximately 2 times larger in Antarctica than in Greenland. We have derived a hemispheredependent calibration factor to convert impulsive nitrate deposition in polar ice (after compensation for the ice density) to incident >30 MeV proton event fluence. The SPE fluence cumulative probability distribution resulting from this analysis is consistent with that derived from contemporary spacecraft and moon rock data. The large fluence solar proton event distribution derived from the impulsive nitrate data exhibits a substantial steepening of slope in the vicinity of a >30 MeV fluence of 6 x 109 cm -2.
We find that the timescale of the impulsive nitrate events is too short to be consistent with gas phase transport of the nitrate from the point of production to the polar caps. We conclude that the short timescales (<6 weeks) support the hypothesis of a gravitational precipitation process involving water droplets or ice crystals. The timescale suggests that there is condensation on the intense ionization tracks at the end of the ionizing range of solar protons, with a possible association with polar stratospheric clouds as well. The short timescale implies that the impulsive nitrate events will only be seen if ice core is sampled at an interval that corresponds to a deposition time of 1 month or less. The impulsive nitrate events will be difficult to detect using the annual or longer samples used in conventional glaciology.
We (6øS, 105øE) . This eruption continued for several months and contained several major explosions before the cataclysmic explosion on August 27, 1883. The electrical conductivity again is the best indicator of the arrival of the volcanic debris, and this illustrates a difficulty that is only rarely encountered in this analysis. The arrival of the debris is so protracted (several years), and there are so many major peaks in the conductivity record, that there is some uncertainty about the assignment of time. We associate the "first arrival" with the known date of the eruption (with allowance for transit time) and the fact that "brilliant sunsets" were observed in England in the autumn of 1883. It is the late 19th century where we have difficulty in time assignments due to the absence of nearby volcanic activity between 1854 and 1908. Any impact of this uncertainty is noted in the detailed analyses.
